The parallel ␤-helix is an elongated ␤-sheet protein domain associated with microbial virulence factors, toxins, viral adhesins, and allergens. Long stacks of similar, buried residues are a prominent feature of this fold, as well as the polypeptide chain fold of an amyloid structure. The 13-rung, right-handed, parallel ␤-helix of the homotrimeric P22 tailspike adhesin exhibits predominantly hydrophobic stacks. The role of these stacked residues in the folding and stabilization of the protein is unclear. Through scanning alanine mutagenesis we have identified a folding spine of stacked residues in continuous contact along the length of P22 tailspike's ␤-helix domain that is necessary for folding within cells. Nearly all chains carrying alanine substitutions of the 103 buried nonalanines were defective in folding in vivo at 37°C. However, the majority of these chains successfully reached a native state, stable to >80°C, when folded inside cells at low temperatures. Thus, nearly the entire buried core was critical for in vivo ␤-helix folding but negligible for stability. Folding at 18°C revealed the minimal folding spine of 29 nonglycine stack positions that were intolerant to alanine substitution. These results indicate that a processive folding mechanism, dependent on stacking contacts, controls ␤-helix formation. Such a stepwise folding pathway offers a new target for drug design against this class of microbial virulence factors.
T
he parallel ␤-helix, a structurally repetitive fold created by the coiling of the polypeptide backbone, is one of the topologically simplest ␤-sheet folds (1) . Known ␤-helical proteins are predominantly associated with disease or infection. Examples include a number of viral adhesin proteins, virulence factors such as the pertactin and hemagglutinin of Bordetella pertussis, the major pollen allergen from the mountain cedar tree, and an antibiotic resistance protein that acts by means of DNA mimicry (1) (2) (3) (4) (5) . P.69 pertactin from B. pertussis and hemoglobin protease are autotransporters whose folding and toxicity are coupled to membrane translocation (3, 6) . The most common functional theme is the use of an elongated lateral surface to recognize an extended polysaccharide sequence (1) . Multiple computational methods have predicted hundreds of additional ␤-helical proteins that are largely associated with infectious disease, pathogens, or allergens (7, 8) . Given the rarity of ␤-helical host proteins, this fold represents a potential target for novel therapies.
Each coil or rung of the canonical ␤-helix fold consists of three ␤-strands (A, B, and C) interrupted by variable turn or loop regions (T1, T2, and T3) (Fig. 1B) (9) . Rungs are aligned, forming a cross-␤ structure of elongated ␤-sheets lying parallel to the helical axis. Structural repetition of coils creates a cylindrical hydrophobic core. A prominent feature common to all ␤-helical proteins is the existence of elongated buried core stacks composed of aligned, similar side chains with similar orientations to form ''cupped stacks'' of aliphatic residues, aromatic stacks, or polar zippers (1) . Although stacks are composed of similar residues, structurally repeated rungs do not exhibit an overt sequence repeat, nor do they exhibit sequence similarity across ␤-helical proteins (7).
The parallel ␤-helix has been proposed as a model structure for the chain fold in amyloid fibrils, a cross-␤ conformation associated with neurodegenerative diseases such as Alzheimer's disease and prion diseases (10, 11) . In the atomic structure of an amyloid fiber formed from a seven-residue peptide, the parallel ␤-sheets of the fiber prominently displayed stacked residues like those observed in the ␤-helices (12) . Understanding the sequence-dependent role of side chain stacking in the ␤-helix fold may provide insight into the folding of elongated ␤-sheet proteins of considerable medical relevance.
The tailspike protein of Salmonella phage P22 has been one of the principal systems for studying protein folding in ␤-helices (1). Each 666-residue polypeptide chain in the homotrimeric tailspike contains a 13-rung, right-handed, parallel ␤-helix domain (residues 143-540), which includes the globular dorsal fin domain at turn T3 of rung 3 ( Fig. 1 A) (13) . Tailspike's ␤-helix is capable of recognizing the O-antigen of Salmonella's cell surface lipopolysaccharide and cleaving it by means of an endorhamnosidase activity (14) . Although a prokaryotic infectious agent, expression of the isolated ␤-helix of the P22 tailspike protein readily forms amyloid fibers (15) .
N-terminal to the ␤-helix domain is the head-binding domain, which is not required for ␤-helix folding and trimer formation but is necessary for attachment to the phage head (16) . C-terminal to the ␤-helix domain, monomers wrap around each other to form an intertwined ␤-sheet domain where each chain's residues contribute to a single buried hydrophobic core consisting of one rung of a triple ␤-helix (residues 541-557) and a triple ␤-prism structure (13, 14) . The ultimate step in tailspike's productive folding pathway (Fig. 2 ) coincides with the folding and assembly of this interdigitated region to form a molecular clamp that makes tailspike resistant to trypsin degradation and SDS denaturation and raises the melting temperature by Ϸ40°C to 88.4°C (17, 18) .
Extensive studies of the in vivo folding pathway have revealed a number of long-lived, partially folded intermediates ( Fig. 2) (19) . The first of these intermediate structures, a ␤-helical conformer, [I 0 ], rapidly develops while nascent chains are still attached to the ribosome (20) . Upon release from the ribosome tailspike, thermolabile monomeric intermediates, [I] , may oligomerize and further fold into the SDS-resistant trimeric tailspike, N (21) . Mutations that block oligomerization or trimer maturation result in the accumulation of soluble, SDS-sensitive species (18, 22) . Alternatively, the presence of any of Ͼ60 genetically isolated temperature-sensitive folding (tsf ) mutations at temperatures in the higher range of cellular growth will generate a misfolded monomeric conformation, [I*], which specifically self-aggregates and accumulates in inclusion bodies (23) . The tsf mutations, predominately located at surface loops and turns, appear to act by destabilizing the ␤-helical structure found in the thermolabile, monomeric folding intermediate (23, 24) . Global suppressors (su) of the tsf mutations or lower temperatures stabilize the ␤-helical fold or otherwise inhibit aggregation (24, 25) . The GroEL chaperone does not assist tailspike chains in efficiently folding or preventing aggregation in vivo (26) . Partitioning between native and aggregation states is therefore a reflection of the folding state of the ␤-helix. As a result of the native tailspike's SDS resistance, SDS͞PAGE of whole lysates provides a sensitive and reliable measure of in vivo folding (17, 21) .
The numerous surface site tsf mutations represent residues essential for the creation of the ␤-helical fold at higher temperatures but do not carry the essential information for ␤-helix folding, because they are unnecessary at lower temperatures. In contrast, five phenylalanines and one leucine in the hydrophobic core stacks are essential for the folding, but not stability, of tailspike at high and low temperatures (22) . This finding suggests that stacked core residues contain the necessary sequence information to direct ␤-helix formation.
To investigate the contributions of all stacked, buried core side chains to the folding of the parallel ␤-helix, we carried out a high-throughput, scanning alanine mutagenesis study on the folding of the P22 tailspike.
Results
Stacking and Mutagenesis Target Selection. Upon inspection of the structure of the tailspike protein [Protein Data Bank ID code 1TYU (27) ] it became apparent that the majority of the ␤-helix buried core is composed of stacked residues whose side chains have similar conformations (Fig. 1) . In total, we identified 10 buried core stacks containing 113 aa that composed the entirety of the ␤-helix domain's core: six stacks participating in the structurally conserved ␤-sheets (red, orange, yellow, green, magenta, and purple stacks in Fig. 1 ), two pseudostacks located in T2 and T3 (cyan and gray), one short stack preceding sheet C running from rung 5 to rung 13 (blue), and a second shortened stack of three residues at the N terminus of the ␤-helix in the conserved turn T2 (brown). Each of the 103 buried, nonalanine residues was individually replaced with alanine and the mutant chain expressed in Escherichia coli.
Richardson and Richardson (28) suggested that capping regions exist in ␤-sheet structures to fulfill its hydrogen bonding potential and prevent aggregation. To investigate this in the case of the ␤-helix, all residues in the N-terminal capping region (122-146; Fig.  8A , which is published as supporting information on the PNAS web site) and the C-terminal region of the ␤-helix domain (521-545) were chosen as targets of mutagenesis irrespective of their solvent accessibility. Six further solvent-exposed residues located throughout the ␤-helix domain were added to the target list because of their proximity and potential chemical reactivity with cysteine residues. One disordered glycine, G511, was chosen for mutagenesis because of its potential location at a stacking position.
In total, 145 nonalanine sites were individually mutated to alanine, as confirmed by DNA sequencing, and assayed for their effect on folding relative to WT.
Protein Expression and Folding Analysis. All single alanine mutants were individually overexpressed from a pET plasmid in E. coli at 37°C, 30°C, and 18°C to assess the contribution of the altered residue to the in vivo folding of the ␤-helix domain. Cells containing pET11a plasmids lacking any tailspike genes were induced as a negative control of tailspike expression. Positive controls included WT and ⌬N tailspike, which lacks the N-terminal domain (1-108) (29) . Mutant expression at each temperature was performed in triplicate. Induced samples were lysed and mixed with SDS sample buffer, and unheated samples were analyzed by SDS͞PAGE. Sample gels are shown in Fig. 3 .
As can be seen in Fig. 3 , background translational levels proved consistent across all samples. Mutant and WT lysates accumulated tailspike polypeptide chains as clearly visible, tailspike-specific bands. These observations proved true for all expression samples at all three temperatures. Thus, alanine substitutions at the targeted sites had no noticeable effect on translation or degradation of the tailspike polypeptide chain.
When complete E. coli lysate samples were electrophoresed through an SDS polyacrylamide gel, overexpressed tailspike chains partitioned between two bands in the gel (Fig. 3) . Chains that reached the SDS-resistant, native tailspike structure do not disso- ciate in the presence of SDS (21) . These chains appeared on the gel as a slowly migrating native trimer band (NT) of Ϸ210 kDa. In contrast, partially folded intermediates and inclusion body aggregates are dissociated and unfolded in detergent, causing these species to emerge as a fast moving, 72-kDa band (U). Quantification of the percent of tailspike polypeptide chains reaching the native state provided an accurate and precise measure of the in vivo partitioning between productive and nonproductive folding.
Negative control samples were used to subtract background cellular protein levels so that tailspike bands could be accurately quantified. Normalization of the percent folded measurement to the average WT value generated a useful measure, the percentage of WT folding efficiency. Comparison of these folding efficiencies allowed for an unbiased assessment of the effects of individual alanine substitutions with respect to a known standard, the WT sequence.
Quantitative analysis of the folding of all mutants at all three temperatures is shown in Fig. 4 and in Table 1 , which is published as supporting information on the PNAS web site. Although a few mutant sequences were able to reach the native state at the presumed physiological temperature of the Salmonella phage P22, 37°C, the great majority exhibited severe folding defects. Even at the low temperature of 18°C, 31 mutants were unable to reach the native state.
At each temperature the distribution of folding efficiencies proved bimodal, allowing us to classify each mutant as a WT-like folder or as folding-deficient. Mutants whose folding efficiencies were Ͻ75% of WT's folding efficiency were classified as foldingdeficient. This 75% threshold was conservatively chosen based on the distribution of averages, examination of the statistical overlap of sample values with WT, and the expectation that a mutant classified as defective at a low temperature should be identically classified at higher temperatures.
Wild-Type and ⌬N in Vivo Folding. For WT chains expressed at 18°C, 94% (average of 22 expression samples) of the polypeptide chains reached the SDS-resistant, trimeric native conformation. When renormalized to this average, the standard deviation of these samples was 2%. When expressed at 30°C, 87 Ϯ 6% (21 samples) of WT chains reached the native conformation. Expression at 37°C yielded 62 Ϯ 10% (22 samples) of WT chains reaching the native state. The deviations at each temperature were well within the 75% threshold for a WT-like folder (Fig. 4 Insets and Table 1 ). The small standard deviations observed at each expression temperature illustrate the precision of this SDS͞PAGE-based assay.
⌬N chains folded with WT-like efficiency at 37°C: 95 Ϯ 13% for 28 samples. At lower temperatures, ⌬N folded significantly better than WT, with a folding efficiency of 109 Ϯ 3% for 26 samples at 30°C and 104 Ϯ 1% for 28 samples at 18°C. It has been reported that tailspike chains lacking the N-terminal head-binding domain fold faster than the full WT sequence (29, 30) . The ability to detect the effects of this accelerated folding rate validates the precision and accuracy of this assay.
Mutant in Vivo Folding at 37°C. In contrast to the insignificant effect that removal of Ͼ100 aa had on the folding of the ⌬N tailspike protein, alanine substitution of any one of 95 of the 103 buried core sites significantly hindered the tailspike chains' ability to reach the native state when expressed at 37°C. One of these mutants, F308A, was previously shown to fail to fold at high and low temperatures (22) . Our high-throughput system was able to accurately reproduce the published data for this residue as well as all other ␤-helix residues investigated by Betts et al. (22) . Of the remaining 42 predominantly surface-exposed sites, 20 had defective folding phenotypes. When mapped to the native structure of the P22 tailspike (Fig. 5) , the vast majority of defective folding sites were in the cylindrical buried core. These sites were intolerant to alanine substitution when folded at 37°C in vivo.
Conversely, the 30 WT-like folding alanine mutations map almost entirely to surface-exposed residues, to the termini of the ␤-helix, or to the shortened stack that precedes sheet C. V386A and V455A, located in a valine stack in sheet B, were the only exceptions to this. G511A, located in a disordered loop in the WT crystal structure, had a folding efficiency of 86 Ϯ 9% at 37°C and remained a WT-like folder at lower temperatures.
Mutant in Vivo Folding at 30°C. At 30°C, alanine substitutions at 47 sites prevented folding, as compared to 95 sites at 37°C. Thus, a drop of 7°C in expression temperature rescued 48 defective folding mutants back to WT-like levels. Among these rescued sites are nearly all of the remaining surface-exposed residues. Thirty-three of the rescued positions were in the buried core stacks, so only 62 of the 103 stacking residues were intolerant to alanine substitution at 30°C. Intolerant sites localized to the central region of the ␤-helix opposite the dorsal fin (Fig. 5) , whereas more tolerant positions clustered near the termini of the ␤-helix. The fourth and fifth rungs of the ␤-helix were completely intolerant to alanine substitutions of core residues at 30°C.
Mutant in Vivo Folding at 18°C.
In contrast to the necessity of 92% of the buried core residues at 37°C, only 31 of 103 alanine mutations were absolutely incapable of achieving WT-like folding efficiencies at 18°C. The sites of these completely intolerant residues were located in every rung of the ␤-helix except rung 7. Rungs 6 and 8 have the most number of intolerant positions, four and five, respectively. Three glycines could not reach the native state when mutated to alanine, most likely because of inaccessible backbone conformations.
When nonglycine positions completely intolerant to alanine substitution are mapped onto the native structure of tailspike's ␤-helix, a continuous network of 29 interacting side chains is revealed that spans the length of the ␤-helix (Fig. 5 ). This chain of mostly hydrophobic residues, which we call the ''folding spine,'' is composed of short stacks that cluster around variable turn regions, such as the dorsal fin. In the case of the dorsal fin domain, a cluster of 6 aa is essential for folding where the chain detours from the ␤-helix and into the dorsal fin. At the center of this cluster, two residues (M195 and L262) pack against each other, as if stapling together the meandering backbone (Fig. 9 , which is published as supporting information on the PNAS web site).
Two asparagines, N310 and N319, and the only histidine in the buried core, H426, were present in the folding spine. In the native structure, these side chains interact with resolved, buried water molecules that coordinate the backbone of loop regions. These necessary residues highlight the complexity of the folding process in vivo.
N-Terminal Capping Residues.
Alanine substitutions resulting in folding-deficient phenotypes at 18°C and 30°C in the N-terminal capping region (122-146) of the ␤-helix highlight this region's role in preventing aggregation (Fig. 8) . This region is composed of a short ␤-strand, a turn, and a conserved ␣-helix. V141A, located at the C terminus of the conserved ␣-helix, is the only mutant in this region deficient in folding at all temperatures. This residue may act as a stop signal, ensuring that the ␣-helix is the proper length to cap the ␤-helix.
Only two capping mutants are rescued at 18°C, L133A and Y130A. L133 is located at the N terminus of the ␣-helix and points directly downward into the ␤-helix core, possibly anchoring the ␣-helix into its capping position. Y130 sits centrally over the core of the ␤-helix, potentially bridging the hydrophobic interior of the ␤-helix and the polar solvent. It is important to note that Y123A, as opposed to Y130A, displays completely WT-like folding phenotypes at all temperatures. Hence, the folding phenotypes observed in the N-terminal capping regions illuminate key roles of WT side chains that are not simply a reflection of the type of mutation.
Mutant Solubilities and Mobility Shifts.
To test the hypothesis that the observed folding phenotypes were due to an effect on the folding of the ␤-helical folding intermediate, we analyzed the aggregation state of SDS-sensitive tailspike species produced at 37°C by low-speed centrifugation and SDS͞PAGE. As described, soluble SDS-sensitive species represent a defect in oligomerization or native-state maturation or stability. Substitutions affecting ␤-helix folding result in accumulation of chains as insoluble, aggregated inclusion bodies. All nonnative tailspike conformers in all 37°C samples accumulated in a consistent manner in the pelleted, insoluble fraction of cell lysates. Thus, these folding defects occurred at or before the monomeric, ␤-helical folding intermediate.
A number of native trimeric mutant chains displayed mobility shifts with respect to WT chains. These mutants primarily corresponded to the mutation of charged residues, although not all charge changes produced alterations in mobility. Two neutral changes (N499A and G462A) produced reproducible mobility shifts. The physical basis behind these shifts is not understood but may reflect an altered native conformation.
Tailspike Stability. To test whether mutations acted by destabilizing the native state, the native mutant polypeptide chains in the soluble fractions of 18°C expression samples were assessed for thermostability. One hundred fourteen of the alanine mutants accumulated sufficient native trimers at low temperatures to be assayed. Lysates were heated to either 80°C or 90°C for 3 min in the presence of 2% SDS and analyzed for unfolding of the ␤-helix region. As described by Chen and King (31) , WT proteins partially unfolded to a SDS-resistant, high-mobility species (U I ) that maintains ␤-helical conformation but lacks structure in the N-terminal head-binding domain when heated to 80°C (Fig. 10 , which is published as supporting information on the PNAS web site). Only 3.1 Ϯ 1.7% of WT native chains fully denatured to an SDS-sensitive species at 80°C. Heating to 90°C resulted in nearly complete dissociation (89.9 Ϯ 7.9%) to a denatured, monomeric SDS͞polypeptide chain complex (Fig. 6 and Table 1 ). Heating of ⌬N resulted in similar thermostability values, with only 4.5 Ϯ 3.4% of chains unfolding at 80°C and 98.5 Ϯ 3.7% of chains unfolding at 90°C.
All trimeric mutant tailspikes consistently dissociated to monomeric SDS͞polypeptide chain complexes when heated to 90°C (Fig.  6 ). All of these chains partially denatured similarly to WT when subjected to 80°C, except for F349A. F394A proved substantially destabilized when subjected to 80°C. These results show that the single alanine mutants have melting temperatures within the range of 80-90°C in the presence of 2% SDS. These environmental conditions are far harsher than the conditions experienced by mutant chains folding within cells at 37°C. The thermostability of native mutant proteins and the insolubility of nonnative species strongly support the notion that the effects of the alanine mutants explored here occur during the intracellular folding of the ␤-helix.
Discussion
The ␤-Helix Folds Processively. Previous experiments on small, globular proteins have demonstrated that the amino acid folding code is highly degenerate and that, in at least one case, half of the residues can be replaced by alanines simultaneously (32) (33) (34) . In the P22 tailspike ␤-helix the entire core is surprisingly sensitive to amino acid changes at a physiological temperature. If folding followed a global collapse mechanism, then the removal of two to eight atoms out of a core composed of 365 side chain atoms would not be expected to completely block the folding process. In contrast, a processive folding pathway, where a series of local folding events must occur in a specific order to reach a native structure, predicts these results. We conclude that the in vivo folding pathway of the tailspike's ␤-helix occurs by means of a processive folding mechanism, such as the sequential winding of rungs (Fig. 7) .
The contribution of WT side chains to productive folding was temperature-dependent. Folding analysis at low temperatures revealed an elongated folding spine of essential residues encoding critical contacts that allow for the in vivo folding of the tailspike protein. Although it cannot be ruled out that these residues represent positions that critically interact with the ribosome in a ribosome-assisted folding mechanism, it is unlikely that these residues are required for intermolecular interactions. Instead, we postulate the simpler model that these residues may control the folding of the ␤-helix by tethering key positions into a general cylindrical structure, thereby allowing ␤-sheets to form. At lower temperatures, certain packing interactions may tolerate an alanine replacement, but the interaction energy of an alanine mutant may not be sufficient to overcome added kinetic energies at higher temperatures.
Data at 30°C demonstrated that residues located centrally in the ␤-helix were more intolerant to substitution than at the termini. The proposed processive folding pathway predicts that inhibition of earlier folding events would have more drastic effects than later stages. This model suggests that ␤-helix formation in vivo initiates with the creation of a structural nucleus near the center of the ␤-helix and proceeds by means of a templating or tethering mechanism toward the termini. Folding data from mutants located in the N-terminal capping region suggest that folding of this domain concludes by means of formation of key capping contacts, which may stabilize the ␤-helix and prevent aggregation.
The Role of Stacking Residues. Stacking of side chains plays a critical role in the folding of the ␤-helix. However, stacks that run the entire length of the ␤-helix are not necessary to direct folding at low temperatures. Instead, the folding spine spans numerous stacks. This finding supports the notion that side chain stacks are necessary to encode an elongated ␤-helix. This result is in contrast to the large number of previously isolated tsf mutations that represent solventexposed residues critical in folding at high temperatures but unnecessary at lower temperatures (22) . The short core stacks may function to stabilize intermediate forms or to specifically prevent off-pathway aggregation.
The continuous nature of the folding spine indicates that a long-range network of interactions may act cooperatively to form the ␤-helix. Such networks have been previously proposed based on sequence conservation analysis of PDZ and POZ domains (35) . Our data demonstrate the existence of such a network in the context of the folding of the ␤-helix domain. If the connectivity of short stacks did not act cooperatively, one might expect that these short stacks of necessary residues might be more randomly dispersed throughout the core. Instead, we believe that the presence of this continuous folding spine represents a cooperative network that directs the protein toward its native fold in vivo.
Understanding the full role key stacking positions play will require further investigations into the cooperativity of this network and identification of factors that link the amino acid sequence to its contribution toward folding. Seckler and coworkers have analyzed the site of the buried global suppressor, A334, in considerable detail (14) . In contrast to the intolerance of side chain deletions presented here, ␤-helix folding tolerated bulkier substitutions at this site (24) .
Targets of Drug Design. A processive folding mechanism provides a new target for drug design against a number of diseases associated with ␤-helical proteins. The stepwise folding mechanism proposed here is the monomeric analog of the oligomerization-dependent formation of amyloid fibrils. Small molecules have already been discovered that prevent the nucleation and stepwise elongation of amyloid fibrils (36) . It is reasonable that, instead of blocking the interactions between an infective ␤-helix and its recognition factor, drugs may be designed to hinder the folding process. For the autotransporter ␤-helices, folding occurs extracellularly and is linked to translocation (6), whereby inhibition would prevent maturation of toxicity. It is clear that a number of positions are highly sensitive to alterations, causing unrecoverable folding inhibition under physiological conditions. These positions represent an assortment of targets for inhibition of the stepwise folding of these proteins.
Because this class of proteins is rare and primarily specific to the microbial world, drugs of this type would benefit from specificity toward the infectious agent. Drugs capable of inhibiting ␤-helix formation may offer an effective mechanism for preventing selected microbial and viral infections.
Materials and Methods
Site-Directed Alanine Mutagenesis. Gene 9, which encodes the Salmonella phage P22's tailspike protein, was previously cloned into the vector pET11a (Novagen) as described (18) . The resulting vector, pET(gene9), encoded the full-length WT tailspike protein.
Methylated pET(gene9) DNA was purified to act as template DNA for mutagenesis from XL1-Blue cells (Stratagene) by using a Qiagen Plasmid Midi Kit. Scanning alanine mutagenesis was performed by using the PCR-based QuikChange mutagenesis procedure (Stratagene) in a parallelized, high-throughput manner. Sequences of mutagenic primers (Integrated DNA Technologies) are listed in Table 2 , which is published as supporting information on the PNAS web site. Mutagenesis reactions were performed in parallel in 96-well plates to achieve high-throughput processing.
Clones encoding full-length, but potentially altered, tailspike were identified by means of overexpression in E. coli NovaBlue(DE3) cells (Novagen). Plasmid DNA was purified by using QIAprep Spin MiniPrep kits (Qiagen). DNA sequencing of a 400-bp region (20% of the tailspike gene) containing the targeted codon confirmed mutant clones. Of 241 samples sequenced, only one had a second-site mutation outside the primer region, resulting in an estimated 0.02 second-site mutations per gene.
Tailspike Expression and Cell Lysis. Plasmid DNA encoding confirmed alanine mutants was transformed into E. coli BL21(DE3) by using a single-step procedure (37) performed in parallel in 2-ml 96-deep-well plates. Cultures were grown, induced for expression, and lysed according to standard procedures. Details on deviations to these procedures are described further in Supporting Text, which is published as supporting information on the PNAS web site.
SDS͞PAGE and Optical Densitometry. Lysate fractions were mixed with 2% SDS sample buffer as described (22) . SDS͞PAGE was run at 4°C on 7.5% 102-lane Triple Wide gels (C.B.S. Scientific) by using the discontinuous buffer system of King and Laemmli (38) . Coomassie-stained gels were analyzed by optical densitometry, as described in Supporting Text. Thermostability Assay. After SDS͞PAGE analysis, remaining supernatant samples in 2% SDS sample buffer from 18°C expression cultures were stored at Ϫ20°C. These samples were thawed on ice, and 10-l aliquots were moved to new shallow-well plates. Plates were sealed with silicon cap lids clamped down by a glass plate and binder clips. The sealed plate was partially submerged in a heated water bath to either 80°C or 90°C for 3 min and then placed on ice until samples were analyzed by SDS͞PAGE as described above.
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